Abstract: A robust and reproducible method for the molar mass analysis of neutral and anionic copolymers based on methacrylic acid and different (meth)acrylates has been developed. Size exclusion chromatography (SEC) using a novel polyester-based packing as the stationary phase and dimethylacetamide (DMAC) as the mobile phase yields highly accurate results for copolymers with a methacrylic acid content up to 50 wt.-%. To suppress the different polar and ionic interactions between the sample molecules, the stationary phase and the eluent, DMAC was modified with LiBr and acetic acid. Calibrating the SEC system with poly(methyl methacrylate) of narrow polydispersity, molar masses were obtained that are in good agreement with data obtained by SEC-MALLS (multi-angle laser light scattering) and SEC measurements of methylated samples. The reproducibility and the robustness of the novel method were proven by running similar samples in three different laboratories and for an extended period of two weeks.
Introduction
Hydrophilic copolymers are extremely important precursors for surfactants, dispergating agents and drug carriers in the chemical and pharmaceutical industries. In particular, they are used as binders and coating materials. Very frequently these polymers contain hydrophilic and hydrophobic segments. In addition to the molar mass distribution they frequently exhibit a chemical composition distribution.
Anionic methacrylic acid-(meth)acrylic ester copolymers belong to a group of pharmaceutical excipients that are primarily used as controlled-release film coating agents in oral capsule and tablet formulations [1] . Their methacrylic acid content is up to 50 wt.-% making them water soluble in some cases and water insoluble in other cases.
Due to the large variety in chemical composition and molar mass, up to now there is no reliable and robust SEC method for the molar mass characterization of such copolymers. Commercial products, like the EUDRAGIT ® range of copolymers 1 produced by Röhm, Germany, are characterized only by solution viscometry. It is, therefore, the aim of the present paper to develop a robust SEC method for neutral and anionic copolymers of the EUDRAGIT ® type. This method shall serve as a means of copolymer characterization that can be used by producers as well as users of such copolymers.
It is known that the molar mass separation of hydrophilic copolymers is not straightforward. Experimental difficulties arise from the presence of strongly polar functional groups at the polymer chains. Such very polar macromolecules tend to form associates with themselves and with solvent molecules. With regard to SEC, intermolecular electrostatic interactions (ion exchange, ion exclusion, ion inclusion) between the macromolecules and the stationary phase may occur. Other non-size exclusion effects encountered in aqueous SEC are intramolecular electrostatic interactions and adsorption due to hydrogen bonding and hydrophobic interactions between the polymer and the stationary phase [2] [3] [4] [5] [6] .
For the suppression of non-size exclusion effects, the following measures have been proposed [7] :
-variation of the pH of the mobile phase -addition of an electrolyte to the mobile phase -addition of organic modifiers to the mobile phase -variation of the pore size of the stationary phase Although in selected cases well reproducible results have been obtained, there are up to now no systematic investigations on the SEC optimization of ionic and water soluble synthetic copolymers. More or less systematic investigations have only been conducted for polystyrene sulfonate and for biopolymers (proteins, peptides, sugars) [8] [9] [10] [11] . In a recent paper, the molar mass analysis of cationic methyl methacrylateacrylate copolymers by SEC with laser-light scattering detection has been described [12] .
Results and discussion
The hydrophilic neutral and anionic copolymers EUDRAGIT ® under investigation were based on methacrylic acid and different (meth)acrylic esters. The content of methacrylic acid ranged up to 50 wt.-%. The compositions of the copolymers and their expected molar mass ranges are summarized in Tab. 1. For the conventional SDV as well as for the hydrophilic HEMA 3000 (hydroxyethyl methacrylate based) stationary phases more or less deformed elution peaks were obtained. Some samples even eluted in bi-or multimodal distributions. This was a strong indication for non-ideal SEC behaviour.
Since it was not clear from the beginning if some of the samples were multimodal due to an imperfect polymerization procedure, the methacrylic acid groups were esterified with diazomethane to form the corresponding methyl esters. These polymers do not have ionic groups and, thus, cannot exhibit any polyelectrolyte behaviour in SEC. After esterification polymethacrylic esters are obtained that are soluble in THF and can be analyzed by conventional SEC using SDV as stationary phase. Calibration was done with PMMA calibration standards of narrow polydispersity. The elution curves obtained under these conditions are summarized in Fig. 1 .
Sample D does not contain free methacrylic acid groups. This neutral copolymer might serve as a reference polymer for the chromatographic behaviour and should exhibit normal behaviour under all conditions. Sample D contains a small amount of emulsifier that is visible in the low molar mass part of the distribution. Similar to sample D, all other samples exhibit uniform elution profiles with no indications of multimodality, as can be seen in Fig. 1 . These experiments suggest that also for the non-methylated samples uniform and monomodal molar mass distributions must be expected. The calculated molar masses of the methylated samples are summarized in Tab. 2.
Tab. 2. Molar masses of the methylated EUDRAGIT ® copolymers, calculated as PMMA equivalents
S 100 L 100 L100-55 NE 30 D FS 30 D 50 000 -100 000 100 000 -200 000 100 000 -300 000 500 000 -1 000 000 100 000 -500 000 95 000 93 000 236 000 730 000 233 000 55 000 52 000 78 000 252 000 67 000 a Molar mass expectations are based on solution viscometry measurements.
As has been shown in the preliminary screening, all samples are properly soluble in DMAC. In the following experiments, the chromatographic behaviour of the methylated samples was compared to the original samples when using DMAC as the mobile phase. Due to the high viscosity of DMAC these measurements have been conducted at a column temperature of 80°C. As the stationary phase a new polyester-based material was selected that has been specifically designed for SEC of polar polymers by Polymer Standards Service GmbH, Germany. The commercial name of this material is GRAM; in the present case a pore size of 3000 Å has been used. According to a standard procedure (DIN 55672-2), SEC of anionic polymers can be conducted with a mobile phase of DMAC + 5 g/L LiBr. Therefore, the chromatographic behaviour of the samples was investigated first in this mobile phase using GRAM as the stationary phase. As can be seen in Fig. 2 , there is a significant difference between the chromatographic behaviour of the methylated and non-methylated samples. At the present chromatographic conditions, only sample D exhibits a typical SEC elution profile. This is obviously because this sample is a neutral polymer and non-size exclusion effects cannot occur. Such effects could, however, clearly be observed when the concentration of carboxylic groups in the copolymers was increased, see samples E, A, and B. For sample E with 10% methacrylic acid (MAS) the elution peak of the polymer shifted towards higher elution volumes and overlapped partially with the salt peak. Obviously, adsorptive interactions start to disturb the SEC separation mechanism. As can be seen for sample B with 50% MAS, no elution is observed.
A second option to screen ionic and adsorptive interactions is the addition of an acid to lower the pH. The effect of different concentrations of acetic acid on the elution behaviour of sample B with 50% MAS is shown in Fig. 3 .
As compared to the chromatogram without addition of acetic acid (AcOH), where elution did not occur, the addition of different amounts of acid promoted a proper elution of the sample. With 90 mM AcOH in the mobile phase DMAC+LiBr a nice elution profile for the polymer was obtained, see Fig. 3b . This profile was still partially overlapped with the solvent peak. When the concentration of the acid was increased further and LiBr was not added to the mobile phase, a perfect elution peak was obtained, see In order to improve the stability of the mobile phase, the column temperature was decreased to 60°C. In another set of experiments different concentrations of LiBr and acetic acid in the mobile phase were tested in order to achieve optimum performance. Further, instead of only one column of 3000 Å, a second column of 100 Å was added. The better separation in the lower molar mass range enabled to separate the polymer peak from the salt peak. Consecutively, these columns were replaced by one and two linear columns GRAM XL, respectively, with a significantly broader separation range.
With respect to chromatographic behaviour of the samples and stability of the mobile phase, optimum performance was obtained for a mobile phase of DMAC with 6 g/L acetic acid and 3g/L LiBr. The elution profiles indicate monomodal molar mass distributions for all samples as was expected from the behaviour of the methylated derivatives. The chromatograms of the copolymer samples are summarized in Fig. 4 . As can be seen, not only the expected monomodality is obtained but also the salt peak is completely separated from the polymer peaks and does not disturb quantification.
To check the validity of the results, the absolute weight-average molar masses were determined by SEC coupled to laser light scattering. The samples A to E were investigated in order to see if there are deviations of the results as a function of the MAS content. The measurements were conducted using a Wyatt EOS multi-angle laser light scattering instrument. From the combined RI and LS traces, the molar mass distributions of the samples can be calculated without a molar mass calibration. To do the calculations, two essential pieces of information are required -the injected sample amount and the refractive index increment dn/dc. The latter has to be determined after the SEC separation to make sure that the Donnan equilibrium is reached, meaning that the salt concentration inside the polymer coils and in the mobile phase are equal. dn/dc was calculated by assuming 100% mass recovery of the sample. As for the exact determination of the injected sample amount, one can encounter problems related to the solubility of the samples. Since the samples have to be filtered prior to SEC, a good filterability is a precondition for full recovery after filtration. This is indeed the case for samples A -C, while for samples D and E a recovery of 100% cannot be assumed due to poor filterability and so the estimated dn/dc may be incorrect. Since 1/M w is proportional to (dn/dc) 2 A comparison of the molar masses determined by SEC-MALLS and the molar masses of the methylated samples is given in Tab. 3. The largest deviation between both data is observed for the samples with the smallest dn/dc. At the same time these samples are difficult to filtrate. The differences of the M w values for the methylated samples C, D and E in Tabs. 2 and 3 are due to the different swelling behaviour of these acrylate copolymers in THF and DMAC compared to pure PMMA. 9
Only the methylations of A and B give pure PMMA and, therefore, these samples show the same molar masses in THF as well as in DMAC. Comparing the M w data, the table indicates that the molar masses of the original samples taken from SEC-MALLS differ to a certain extent from the molar masses of the methylated samples taken from RI detection and PMMA calibration. This is reasonable since, in addition to possible sensitivity and response problems of the different detectors, the hydrodynamic behaviour of the carboxy containing copolymers is different from the neutral methylated copolymers.
The final step of the present study was the investigation of the robustness and the reproducibility of the newly developed SEC method. For a reproducibility test among three different laboratories, the one-column set was used. The reproducibility tests were conducted at Röhm GmbH (Röhm), Deutsches Kunststoff-Institut (DKI) and 
To make sure that the present SEC method is comparable to the DIN procedure with regard to resolution and selectivity, the slope of the PMMA calibration curve was determined for column sets of one and two GRAM linear XL columns. According to the DIN method, the slope of the calibration curve must be less than a certain value that is determined by the elution volume difference V e 2 -V e 1 per molar mass decade related to the column diameter. This upper value is given as a straight line in Fig. 9a The long-term test of the robustness of the method was conducted over a period of two weeks. Samples A -E and a reference PMMA were measured once a day by dual injections. The high stability of the molar mass determinations is obvious from Fig. 10 
Conclusion
A robust and reproducible method for the molar mass analysis of neutral and anionic copolymers based on methacrylic acid and different (meth)acrylates has been developed. Size exclusion chromatography using a novel polyester-based packing as the stationary phase and dimethylacetamide modified with LiBr and acetic acid as the mobile phase yields highly accurate results for copolymers with a methacrylic acid content up to 50 wt.-%. The reproducibility and the robustness of the novel method were proven by running similar samples in three different laboratories and for an extended period of two weeks. The SEC analysis of cationic polymethacrylates will be dealt with in a forthcoming publication.
Experimental part

Chromatographic system
An Agilent 1100 series HPLC system (Agilent Technologies) comprising a pump, an autosampler and a column oven was used. Due to the salt containing eluent a seal wash was installed. For data collection and processing the software package 'WinGPC-Software' (Polymer Standards Service, Mainz, Germany) was used. The light-scattering data were collected with an EOS MALLS instrument and processed by the 'Astra' software (both of Wyatt Technology, Santa Barbara CA, USA). Molar mass calibration was based on poly(methyl methacrylate).
Columns GRAM 3000 Å, GRAM 100 Å and GRAM linear XL columns (Polymer Standards Service, Mainz, Germany), all of 300 x 8 mm i.d. and 10 µm average particle size. To condition new from-the-shelf GRAM linear XL columns, they were rinsed for 5 h with a flow rate of 0.2 mL/min with pure DMAC, then for 2 h with the mobile phase. Subsequently the system was heated to 60°C and the columns were conditioned overnight with a flow rate of 0.1 mL/min. Prior to analysis the flow rate was elevated to the final value of 1.0 mL/min. In all cases a GRAM precolumn was used.
Mobile phase N,N-Dimethylacetamide HPLC grade (Fluka and Schopp, Karlsruhe, Germany); LiBr 99+% (Acros, Belgium); AcOH >99.8% (Acros, Belgium).
Detectors
Agilent series 1100 RI detector and Wyatt Technology multiangle laser light scattering detector Dawn EOS.
Samples
The EUDRAGIT ® samples were provided by Röhm GmbH, Darmstadt, Germany. The samples were dissolved in a concentration of 3 g/L overnight and filtered through a 1 µm filter prior to analysis. The methylation was performed with diazomethane according to ref. [13] .
